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PAPERS 


HYDRODYNAMIC PROBLEMS 
THREE DIMENSIONS 


The rather familiar analog utilizing electrolytic bath represent po- 
tential fluid motion has been refined and throughly tested connection with 
fundamental investigations fluid flow. Principles and techniques the 
investigations are fully presented this paper with emphasis the general 
approach for three-dimensional flow and typical results. Solution repre- 
sentative problem given. 


INTRODUCTION 


The particular electrical analogy with which this paper concerned fits 
within the rather broad classification frequently referred the “electro- 
lytic-tank common with several other analogs, represents 
potential motion the prototype; that is, motion that may described 
velocity potential with respect the axes motion (z, such that 

The motion also possesses the property that the gradient the scalar field 
described the velocity vector, 


which the velocity. field theory includes similar concept 
for voltage with scalar field that also satisfies the Laplace 
equation: 
are invited for publication; the last discussion should submitted 
February 1953. 


Research Engr., Iowa Inst. Hydr. Research, State Univ. Iowa, Iowa City, Iowa. 
Research Associate, Iowa Inst. Hydr. Research, State Univ. Iowa, Iowa City, Iowa. 
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and whose gradient the vector representing the electric field strength, 


This mathematical similarity forms the basis for the analogy, and the 
application the electrolytic-tank method involves the exploration con- 
ductor geometrically similar the corresponding flow system. The appli- 
cation voltage across the conductor, between zones representing 
the entrance and exit the fluid the system, establishes within the con- 
ductor potential field similar that its fluid prototype. The potential 
pattern obtained means electrodes contact with the conductor, 
using standard electrical potentiometer systems. The details the par- 
ticular method described this paper have been presented 


EXPERIMENTAL TECHNIQUES 


The conductor representing the flow system the analog usually 
electrolytic solution, and held the proper form nonconductors, 
representing flow boundaries (or planes flow symmetry), and metal 
anodes representing equipotential the extremities the system. 
constructing the plastic forms representing flow boundaries, extreme care 
must exercised hold tolerances within close limits, especially points 
curvature which the pressure gradients would relatively great. The 
models should made large scale convenient, course, but the 
size limitations usually encountered cause the errors from small deviations 
greatly magnified. For the same reason, the electrodes used measure 
potential differences should quite small area, and their spacing should 
measured with high precision. Fixed electrodes flush with the surface 
the models can usually located with greater accuracy than movable 
probe, and fixed electrodes also present less disturbance the flow. Since 
the most extreme conditions must occur the boundary, the absence any 
measurement the fluid interior not important. 

The electrical potentiometers employed should capable measuring 
potential differences with precision least equal that with which elec- 
trode spacings are measured. The potentiometers used all tests the 
Institute Hydraulic Research, State University Iowa, Iowa City, 
measured the potential each point with accuracy the total 
applied potential. The only instruments needed were four-dial decade 
potentiometer and sensitive vacuum-tube millivoltmeter. The latter was 
necessary because the low applied potential volts) and the need for 
high-impedance null detector. The millivoltmeter internal impedance 
megohms (see Fig. assures negligibly small currents through the elec- 
trodes even when the system far from balance, thus avoiding distortion 
the potential pattern. The sensitivity 0.0003 volt the millivoltmeter 
assures adequate response for the detection the smallest change the 
decade potentiometer. Miniature tubes and battery supply were used 


Scientific Instruments, November, 1949. 
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HYDRODYNAMIC PROBLEMS 
keep size and capacitance ground minimum. use, the potentiom- 
eter was simply connected parallel with the power supply the anodes, 
while the millivoltmeter was connected between the movable tap the po- 
tentiometer and electrode. The dials were then adjusted until the volt- 


So 


age difference was minimum, using modified Wagner ground second 
potentiometer with movable tap connected ground through 0.05 micro- 
farad condenser) increase the sharpness the null necessary. The read- 
ings the four dials thus gave the relative potential directly, and other 
electrical quantity was required. 

The direction the streamlines (except for their tangency the boundary 
surface) will not known advance the general case, and this fact must 
considered locating electrodes and computing velocity pressure dis- 
tributions. facilitate the determination the resultant velocity vector, 
veloped boundary, with electrode spacings and maintained small relative 
the radius curvature. Then, since the boundary stream surface, 
the resultant velocity may computed from Az, Ay, and the corresponding 
potential difference between any pair, 


The corresponding piezometric head may obtained from the Bernoulli 
relationship: 


The quantities and are obtained from measurements be- 
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tween electrodes placed region uniform flow velocity and piezo- 
metric head ho. Pressure distributions are obtained plotting points from 
Eq. approximately midway between the corresponding electrodes and then 
adjusting the curves that the area under the curve equal that beneath 
bar graph drawn through individual points. 


EVALUATION EARLIER TESTS 


The method described was first used the Iowa Institute Hydraulic 
Research 1945, and has undergone continuous modification since that 
time, being used for both research and design three-dimensional problems. 
Until the initiation the tests described this paper, however, its use was 
limited axially symmetrical flow systems because the desire check 
thoroughly and continually its accuracy before presenting reliable 
tool. Many the results were verified either analytically, using the poten- 
tial concept, experimentally, using water tunnel. 

These earlier fell naturally into two classifications based the 
relationship the fluid the associated boundary: (1) Those which the 
flow external the boundary, such various head forms for submerged 
bodies; and (2) those which the flow internal such conduit inlets and 
contractions free liquid jet impinging upon plane normal its axis. 
The nature these systems demonstrates the basic requirements involved 
the use the analogy, namely, that viscous effects must negligible and 
that the flow pattern must determined solely the boundary geometry. 
Thus, decelerating flow around tail forms through expansions outlets 
that involve boundary-layer separation, cannot represented this elec- 
trical analog. Moreover, the analog may not represent the actual pattern 
even for generally accelerating flow regions local deceleration exist that 
tend cause local separation. The analog will indicate the existence such 
conditions, however, and one its most valuable uses testing and modi- 
fying designs obtain the most economical separation-free form. 

The analogy has proved useful—particularly for extensive exploratory 
surveys—because its flexibility, its economy time compared with analyti- 
cal methods general, and its economy equipment compared with hydro- 
dynamic aerodynamic models. These virtues will become apparent 
the description particular series proceeds. most tests, the accuracy 
has been sufficient for design purposes, indicating velocities that deviate 
less than from those determined other one particular 
test reported however, inadequate length uniform section led 
over-optimistic conclusions concerning circular inlets. The error was 
not discovered until the new series tests described this paper was com- 
pleted, indicating results incompatible with the former. When careful 
checking and reconstruction the analog continued disprove the earlier 


Hassan, dissertation presented the State University Iowa, lowa City, Iowa, August, 1948, 
partial fulfilment the requirements for the degree Doctor Philosophy. 

Inlets and Rouse and Hassan, Mechanical Engineering, 
March, 1949. 

“Deflection Liquid Jet Perpendicular Boundary,” Leclerc, thesis presented the 
State University Iowa City, Iowa, August, 1948, partial fulfilment the requirements 
for the Degree Master Science. 
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conclusions, mathematical check, using the relaxation method, was made. 
The results were accordance with those presented the final section this 
paper. proper care given all phases construction, measurement, 
and interpretation, results any desired accuracy should obtainable. 


THE ANALOG 


Typical Tests—Having established the accuracy the ex- 
periments several analogs axially symmetrical flow systems which 
comparison could made with analytical methods, appears safe use 
the electrical analogy represent design problem which the absence 
axis symmetry makes mathematical analysis impractical virtually 
impossible. Such problems naturally represent one the most valuable 
applications the electrical analogy since the only alternative method 
sclution series expensive models. One system practical importance 
that the transition, using cylindrical sections, from reservoir fluid 
conduit square cross section. This configuration appears frequently 
the design hydraulic inlet works, which the prediction low-pressure 
zones important because the danger cavitation. Since study 
the tendency toward separation inlet well-suited the capa- 


bilities the electrical analogy and practical importance, has been 
chosen demonstrate the application this method. 

The inlet square conduit has four planes symmetry that divide 
into eight segments (Fig. 2). The potential flow pattern the entire structure 
may determined study the pattern any one these segments 
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bounded two adjacent planes symmetry and section the transition 
boundary. the electrical analog (Fig. 3), sheet plate glass inclined 
angle 45° the horizontal represents plane passing through the 
center lines opposite sides the conduit, and the sections representing the 


ANALOG FoR SOLUTION INLET PROBLEM 


transition boundary are formed Lucite sheets and section Lucite 
cylinder. zones corresponding equipotential surfaces the conduit 
and reservoir, respectively, anodes sheet copper and copper screen are 
placed. Small electrodes inserted orthogonal pattern the Lucite 
sections complete the form without the use precision machine tools. When 
the copper sulfate solution (approximately 0.016 molar) poured into this 
form, its free surface intersects the glass along line representing the center 
line the transition, while its intersection with the Lucite boundary repre- 
sents the juncture the conduit sides. Although the radius the cylin- 
drical section (Fig. remains fixed, its ratio the conduit width may 
varied will over wide range simply adjusting the elevation the free 
surface. this manner single inexpensive form used represent in- 
finite number circular transitions with varied curvature. This extreme 
flexibility possibly the most important advantage the analog has over other 


methods. 
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results measurements this model are summarized here. 
Fig. isobars (or isovels) estimated from the potential measurements 
have been drawn, together with curves showing the pressure distributions 
along the center side and along the juncture between two sides, for one 
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particular relative radius curvature. The curves show quite clearly that 
the most critical region along the juncture, just upstream from the point 
which the transition curve becomes tangent the straight conduit. How- 
ever, pressures below that the conduit prevail small region completely 
across the side this zone. should noted again that the measurements 
are taken only the boundary (where the most extreme conditions always 
occur) and that pressures away from the boundary will behave 
particular, should expected that the pressure along the center line the 
conduit will decrease uniformly from the reservoir the conduit with under- 
pressure. For prediction cavitation over-all forces, however, only 
boundary pressures are interest. 

Fig. family curves shows the variation pressure distribution 
along the juncture (which includes the most critical point) for various relative 
radii curvature. This figure indicates quantitatively the benefits achieved 
from decreasing the curvature. The trend with decreasing curvature in- 
dicated more clearly the curves Fig. which the minimum pressures 
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along the juncture and along the center line side are plotted against the 
relative radius curvature. 

aid applying the results these tests, may noted that the 
ho) 


presented this paper probably represent actual condi- 
(29) 
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tions within few percent, except where local deceleration will lead sep- 
aration. Since, contrary the conclusions other research the 
tendency toward cavitation decreases indefinitely with increasing radius 
curvature, the design radius should made large consistent with con- 
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struction requirements. Other factors will influence the value chosen, 
course, such slope, roughness and length the conduit, and the hydro- 
static pressure the outlet. slopes, smooth surfaces, and short 
lengths conduit will increase the easement curvature necessary achieve 
given condition. The turbulent boundary layer the prototype will de- 
crease the tendency toward separation, but will not appreciably influence the 
cavitation characteristics predicted the curves. The previous cor- 
rectly indicate that, for given length transition, underpressure may 
minimized more effectively using sections from elliptical—rather than 
circular—cylinders; the amount improvement possible still deter- 
mined. 


CONCLUSIONS 


solving problems such the one discussed this paper, the electrical 
analogy has proved very valuable aid. Practically all the work 
building model can completed without the aid machine tools, and 
single construction may simulate wide range boundary conditions 
properly designed. Although the degree which actual flow conditions 
approximate the potential pattern may subject disagreement, there 
doubt that the electrical analogy permits great deal preliminary 
design work done economically. Then, desired, the selected design 
may constructed and tested under actual flow conditions. 
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